Food restriction leads to a paradoxical increase in physical activity and further suppression of food intake, such as observed in anorexia nervosa.
Food restriction leads to a paradoxical increase in physical activity and further suppression of food intake, such as observed in anorexia nervosa. 1, 2 To understand this pathophysiological process, we induced physical hyperactivity and self-starvation in rats by restricting food in the presence of running wheels. Normally, decreased melanocortin receptor activity will prevent starvation.
3,4 However, we found that self-starvation increased melanocortin receptors in the ventral medial hypothalamus, a brain region involved in eating behavior. 5 Suppression of melanocortin receptor activity, via central infusion of Agouti-related protein (AgRP), increased survival rate in these rats by counteracting physical hyperactivity, food intake suppression as well as deregulated body temperature. We conclude that self-starvation may result from insufficient suppression of central melanocortin receptor activity. Anorexia nervosa (AN) is a psychiatric disorder distinguished by dramatic undereating. At a certain stage of the disease, food intake suppression is associated with physical hyperactivity leading to extreme body weight loss. 2 The incidence of AN is particularly prevalent among young (post)-pubertal females and AN has a high rate of mortality. While AN is thought to have a psychosocial basis, it obviously has a dramatic impact on neuroendocrine mechanisms involved in the regulation of energy balance, such as increased activity of hypothalamic-pituitaryadrenocortical (HPA) axis, and reduced plasma levels of leptin. 6, 7 A major target-system downstream from leptin signaling in the brain is the central melanocortin system. Genetic and pharmacological studies have shown that the central melanocortin system plays an important role in the regulation of body weight maintenance. Suppression of melanocortin receptor signaling, such as mutations in the melanocortin-4 receptor, is associated with central leptin resistance and obesity in both humans [8] [9] [10] and rodents. 3, 4, 11, 12 In this study, we investigated whether the opposite is also true: increased melanocortin receptor activity will contribute to self-starvation.
One-hour-fed young female rats in cages with running wheels developed physical hyperactivity and suppressed food intake. This resulted in a 30% body weight loss (Figure 1) , activation of the HPAaxis (Table 1) , and eventually death. 1, 13 One-hour-fed rats showed an almost three-fold increase in physical activity (total daily wheel running activity levels were 557671209 rpm/24 h (ad libitum) vs 145127 1230 rpm/24 h). Furthermore, 1-h-fed rats with running wheels ate significantly less than 1-h-fed rats without access to running wheels, showing that running wheel activity induced a relative suppression of food consumption in these animals ( Figure 1b) . One-hour-fed rats with running wheels consumed similar amounts of food as 0.5-h-fed rats without access to running wheels. However, body weight loss in 1-h-fed rats with running wheels was almost doubled (Figures 1a and b) . Thus, both food intake suppression and physical hyperactivity contributed to self-starvation in 1-h-fed rats with running wheels.
Food restriction activates central pathways that stimulate food intake and reduce energy expenditure to maintain energy balance. For example, a normal response to fasting, such as increased AgRP levels, 14, 15 suppresses melanocortin receptor activity. 16 Suppression of melanocortin receptor activity results in decreased physical activity, increased food intake, and decreased activity of the HPAaxis. 3, 4, [17] [18] [19] We found the opposite: the 1-h-fed rats with running wheels exhibited increased physical activity, suppressed food intake and activation of the HPAaxis, typical characteristics of increased melanocortin receptor activity. Therefore, it might be hypothesized that the responses to food restriction of rats with a running wheel are due to a seemingly counterintuitive increase in central melanocortin activity.
Among the brain areas known to be involved in body weight regulation, the ventral medial hypothalamus (VMH) showed the most pronounced increase (using 125 I-NDP-MSH binding) in melanocortin (MC) receptors following 1 week of 0.5-and 1-h daily feeding in rats with or without running wheels (Figure 2c ). This increase in MC receptors in the VMH was not a function of body weight loss per se. For example, MC receptors of 2-h-fed rats with running wheels were similar to ad libitum fed animals, but body weight was much lower in the 2-h-fed rats. Furthermore, the increased MC receptor activity in the VMH appeared to be specific, since MC receptors in other regions, for example the habenular nucleus, did not change in response to food restriction ( Figure 2b ). Thus, MC receptors in the VMH, a brain region involved in body weight regulation, 5 are increased specifically to food intake suppression.
Since central MC receptors display constitutive activity 16 and tonically inhibit food intake, 3 the increase in MC receptors in the VMH during a negative energy balance seems counterintuitive. We hypothesized that an increase in melanocortin receptor activity in food-restricted animals is counteracted by the increased expression of ligands that suppress constitutive receptor activity (eg increased levels of AgRP, the endogenous suppressor 16 ), as well as by the Figure 1 Self-starvation in 1-h-fed rats with running wheels is characterized by extreme body weight loss (a), suppressed food intake (b), and physical hyperactivity. Body weight loss in 1-h-fed rats with running wheels averaged 56.872.8 g (30%), and was significantly higher when compared to the other five groups (a; P ¼ 0.0001). After 1 week of food restriction, food intake in 1-h-fed rats with running wheels was significantly less when compared to 1-h-fed rats without running wheels, indicating a relative suppression of food intake (b; indicated by * (P ¼ 0.0001; t-test)). In addition to increased physical activity (see the text), food restriction induced a temporal redistribution of wheel running activity in 1-h-fed rats (d) when compared to ad libitum fed rats (c) (black-white bars indicate light-dark cycle; gray box (d) indicates the hour of food access).
decreased expression of ligands that activate melanocortin receptors (eg, decreased pro-opiomelanocortin (POMC is the precursor hormone for a-MSH, the endogenous agonist). Indeed, in situ hybridization revealed that POMC mRNA levels in the arcuate nucleus of food-restricted animals were reduced relative to the level observed in ad libitum controls (Figures 2d-f) . As expected, levels of AgRP mRNA in the arcuate nucleus were elevated in all foodrestricted rats compared to that of ad libitum controls (Figure 2g-i) .
In general, the changes in AgRP mRNA levels (in particular, in the 1-h-fed animals with running wheels) were more pronounced than the changes in POMC mRNA levels. One implication pertinent to the paradoxical increase in physical activity and selfstarvation (in particular, in the 1-h-fed animals with running wheels) is that the increased AgRP expression is insufficient to suppress endogenous MC receptor activity. To investigate whether suppression of increased melanocortin receptor activity can prevent self-starvation, 1-h-fed rats with running wheels were centrally infused with either saline or AgRP (1 nmol/day).
We observed that wheel running levels and body weight prior to restricted feeding in 1-h-fed rats affected the survival rate in this self-starvation model. A significant decline in the survival rate of 1-h-fed rats with running wheels after 1 week of food restriction and saline infusion was observed (survival Figure 2 Self-starvation increased melanocortin receptors (MCR) in 1-h-fed rats with running wheels. Available MC receptors were determined using radiolabeled 125 I-NDP-MSH 28 (a). MCRs increased in the VMH as a function of food restriction (c), but were unaffected in the habenular nucleus (an extra-hypothalamic region (b)). Fasting induced a significant downregulation of POMC and upregulation of AgRP mRNA levels in the arcuate nucleus (d-i). In 1-h-fed rats with running wheels, hypothalamic AgRP levels were significant higher when compared to the other 5 groups (i; ** P ¼ 0.0001). (c, f: * ¼ significantly different from 1-h-fed rats with running wheels; i: * ¼ significantly different from ad libitum controls (P ¼ 0.0001)). rate of 46% (n ¼ 6/13)). One-hour-fed rats that received central infusion of AgRP had similar baseline levels of body weight and wheel running levels as saline controls; however, the decline in the survival rate was not observed (survival rate of 92% (n ¼ 12/ 13)). Thus, AgRP increased the survival rate in 1-h-fed rats with running wheels.
Detailed analyses of surviving rats revealed that AgRP infusion counteracted the deregulation of physical activity, food intake and body temperature in 1-h-fed rats with running wheels. When compared to ad libitum controls, 1-h-fed rats with running wheels showed a significant decrease in body temperature during rest (Figure 3a) . From the second to the third day of food restriction, a steep decline in body temperature during rest was observed in 1-h-fed rats with running wheels that received chronic infusion of saline (À1.0470.201C). Although AgRP-treated rats also showed a decrease in body temperature during rest (À0.3370.151C), it was far less dramatic when compared to saline controls (Figure 3a ; P ¼ 0.001). This effect of AgRP on body temperature, 2 days following the onset of the feeding schedule, was independent of changes in food intake (6.370.8 g (saline) vs 6.370.5 g (AgRP)), and body weight loss (28.572.8 g (saline) vs 28.371.5 g (AgRP) ). An even more pronounced decline in body temperature was observed in saline-treated rats that died within 1 week of food restriction. Nevertheless, even after excluding nonsurviving rats from the analysis, AgRP still significantly increased body temperature during rest (as shown in Figure 3a) . Following its effect on body temperature, AgRP significantly decreased physical hyperactivity (Figure 3b ) (t-test; P ¼ 0.04). AgRP infusion (day 3 to day 7) increased cumulative food intake (23.773.3 g (saline) >vs 32.872.2 g (AgRP)) (t-test; P ¼ 0.04). After 1 week of food restriction, no effects of AgRP on HPA-axis activation and plasma leptin levels were observed (data not shown). Thus, AgRP initially increased body temperature during rest in 1-h-fed rats with running wheels independent of food intake and physical hyperactivity.
Thus, rats exposed to 1-h daily scheduled food availability in the presence of running wheels exhibit physical hyperactivity, relative food intake suppression and a drop in body temperature. These comorbidities are all analogous to those associated with AN in humans. 2 Despite the many similarities between food-restricted rats and AN patients, one has to keep in mind inherent limitations of animal models for psychiatric disorders. For example, once released from the scheduled food restriction paradigm, foodrestricted rodents with running wheels will exhibit a compensatory refeeding response. With this in mind, this animal model provides an opportunity to study many characteristics observed in AN patients, such as physical hyperactivity, anticipation to food and altered endocrine axis.
Here, we show that central infusion of AgRP, a suppressor of melanocortin receptor activity, ameliorates self-starvation, physical hyperactivity, and deregulated body temperature, and therefore the survival rate. Recent studies have shown that ectopic overexpression of AgRP and that central injection of AgRP induces long-term hyperphagia and obesity in ad libitum fed rodents. [20] [21] [22] For example, a single injection of AgRP in the third ventricle produces a robust increase in food intake that persists for an entire week. 20 Other studies have shown that genetic deletion and activation of central melanocortin receptors affect both food intake and thermogenesis. [23] [24] [25] Although food intake and thermogenesis are two integrated physiological processes that regulate energy balance, effects of AgRP on body temperature have, to our knowledge, not been previously described. Here we show that, during a negative energy balance, AgRP can increase body temperature prior to food availability. Since blockade of melanocortin receptors, via intracerebro ventricular(i.c.v.) infusion of SHU9119, leads to a decrease of body Figure 3 Central AgRP infusion prevented self-starvation in 1-h-fed rats with running wheels by counteracting deregulated body temperature and physical activity. From the second day of food restriction, 1-h-fed rats with running wheels exhibited a strong decline in body temperature during rest when compared to ad libitum controls (a). Central infusion of AgRP in 1-h-fed rats with running wheels (n ¼ 7) prevented the strong decline in body temperature during rest when compared to saline controls (n ¼ 6) (a; * ¼ significantly different from saline 1-h-fed with running wheels (P ¼ 0.0001)). Two days following its effect on body temperature, AgRP counteracted physical hyperactivity in 1-h-fed rats with running wheels (b; * ¼ significantly different from saline 1-h-fed with running wheels (P ¼ 0.04; t-test)).
temperature in ad libitum fed animals, 25 our findings suggest that the melanocortin effects on body temperature are dependent on the feeding status of the animal.
We have recently discovered an association between an AgRP gene polymorphism and AN. 26 This gene polymorphism in the coding region of the AgRP gene changed the structure of the AgRP protein. Therefore, we propose that insufficient suppression of increased melanocortin receptor activity (by AgRP) contributes to self-starvation. Our findings provide a biological mechanism for self-starvation that opens intriguing possibilities towards the understanding and treatment (via inverse agonism of MC receptors) of pathophysiological processes in AN.
Methods

Animals
Experiment 1 30 female outbred rats (strain Wistar (U:WU)) were divided into six weight-matched groups (body weight averaged 17072.2 g). Three groups of rats were individually housed in cages with unrestricted access to running wheels (34 cm in diameter and 10 cm in width). The three other groups without running wheels were individually housed in Macron type III cages. All animals were maintained in a 12-h light/12-h dark cycle (ambient temperature was 21.071.01C). Food and water were available ad libitum. Ten days after adaptation, rats with and without running wheels were exposed to different feeding schedules (ad libitum, 1-or 2-h (with running wheels) daily access to food, and ad libitum, 1-or 0.5-h (without running wheels) daily access to food). In restricted rats, food (complete laboratory chow Hope Farms, Woerden, The Netherlands) was available starting at lights-off (the habitual feeding time in this nocturnal species). Body weight was measured just before food access.
After 1 week of food-restriction, rats were sacrificed in the hour before lights-off (just before food access). Brains were quickly removed and frozen in cold isopentane (À301C for 20 s). Adrenal glands were removed, cleaned and weighted. Plasma levels of leptin, ACTH and corticosterone were determined using radioimmunoassays. 17, 27 Cryostate sections (20 mm) containing the arcuate nucleus, ventral medial hypothalamus and habenular nucleus were used for in situ hybridization and in situ binding. 28 Experiment 2 32 female outbred rats (strain Wistar (U:WU); on average,16674.3 g) were anesthetized with Hypnorm s (Janssen Pharmaceutica, Beersse, Belgium; 0.1 ml/100 g body weight; i.p.) and Dormicum s (Hoffman-LaRoche, Mijdrecht, The Netherlands; 0.05 ml/100 g body weight; i.m.). A transmitter (Data Sciences, Inc., St Paul, MN, USA) used to record locomotor activity and body temperature was surgically placed in the abdomen. 29 After 2 weeks of recovery, an intracerebroventricular (i.c.v.) cannula (ALZA brain infusion kit 3-5 mm, Palo Alto, CA, USA) was, under identical anesthesia as described above, surgically implanted (coordinates: 0.8 mm posterior and 1.0 mm lateral from bregma). The cannula was then connected to a micro-osmotic pump (ALZA Model 1007D, Palo Alto, CA, USA) with 8 cm of a polyvinylchloride catheter tubing (i.d. 0.69 mm; o.d. 1.14 mm) that was filled with saline. The content of the ALZA micro-osmotic pump was either saline or AgRP (83-132) (0.25 mg/ml; Phoenix Pharmaceuticals, CA, USA) and entered the brain with a flow rate of 0.5 ml/h. Based on these calculations and simultaneous observations in ad libitum fed animals, we estimated that AgRP entered the brain from the second to the third day. Food restriction and collection of blood samples were employed as described in experiment 1.
In situ hybridization Pretreated 20 mm cryostate sections from rat hypothalamus were hybridized with 35 S-labeled antisense RNA probes according to van der Kraan et al. 30 A 350 bp rat POMC cDNA fragment (from bp þ 97 to þ 447 relative to transcription initiation) and a 396 bp fragment of the mouse AgRP cDNA ( þ 1 to þ 396 from the translation initiation site), were used as template for syntheses of RNA probes for in situ hybridization.
Statistics
All data are expressed as mean 7SEM. Body temperature during rest was determined in the second to the fourth hour of the light phase. At this time of day, both ad libitum and food-restricted rats exhibited the largest window of physical inactivity. Body temperature during rest was defined as the lowest body temperature value (average of 15 consecutive values (in 1 min bins)) during the window of physical inactivity (locomotor activity ¼ 0). Differences in food intake, body weight, body temperature, physical activity, hormone levels, and gene expression levels were assessed using one-way analysis of variance (ANOVA), unless indicated differently in the text. In the presence of a significant main effect, the analysis was followed by Tukey (SPSS for Windows, version 9.0) contrasts (a ¼ 0.05).
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